Abstract A pilot single-stage setup with the reactor volume of 20 m 3 was constructed for ammonium removal from the filtrate of thermophilically digested sludge. The setup was operated at temperatures of 20-37°C, dissolved oxygen concentrations of 0.1-0.7 mg/L, pH of 5.7-8.5, hydraulic retention time of 12-36 h, and filtrate output of up to 30 m 3 /day. The efficiency of nitrogen removal was 75-90%, nitrogen load was 0.9-1.1 kg N/(m 3 Áday), and the specific volumetric nitrogen removal capacity of the reactor reached 0.8-1.0 kg N/(m 3 Áday). The sludge retained activity at low pH (5.7) and enhanced nitrite concentration (up to 250 mg/L). A correlation was established between conductivity reduction of the treated liquid and nitrogen removal efficiency, and the formula for calculation of ammonium concentration using the conductivity was proposed.
Introduction
At Moscow wastewater treatment plants the sludge is stabilized by anaerobic thermophilic digestion (52-55°C) followed by thickening and dewatering of digested sludge. Significant degradation of volatile suspended solids (VSS) under thermophilic conditions results in high levels of ammonium (up to 700 mg N-NH 4 /L) in liquid phase (filtrate) of digested sludge. This filtrate forms recycle water flow and increases the load of ammonium on the biological stage of wastewater treatment by up to 50%. Increasing ammonium concentrations in the liquid phase of digested sludge cause technological and economic problems.
The traditional nitrification/denitrification technology is inefficient for ammonium removal from the filtrate of industrial anaerobic digesters, since such filtrate has a low biochemical oxygen demand (BOD)/N ratios (0.7-1.7). The technologies based on microbial process of autotrophic anaerobic ammonium oxidation by nitrite are presently being introduced for treatment of wastewater with high concentrations of ammonium and low BOD values [7, P. 9] . These technologies combine two autotrophic processes: partial nitrification, which involves oxidation of half of ammonium to nitrite, and anaerobic ammonium oxidation by nitrite to molecular nitrogen (anammox) [1, 5, P. 8, 9] . The best-known anammox technologies applied at wastewater treatment plants worldwide are SHARON-ANAMMOX, DEMON, Canon, ANITA-Mox, DeAmmon, OLAND, etc. [8, P. 9] . High efficiency of nitrogen removal, the absence of organic carbon demand, low sludge yield, and 2-3 times lower nitrogen removal costs are the advantages of anammox technologies [6, 14, P. 9] . There are two principal schemes of anammox implementation: two-stage systems where processes of nitrification and anammox are spatially separated in different serially connected reactors, and single-stage systems consisting of one reactor where both processes go simultaneously. Single-stage systems are widely used due to their advantages over two-stage systems, particularly their higher potential rates of nitrogen removal [14, P. 9] .
Joint Stock Company (JSC) Mosvodokanal is the largest company in Russia servicing Moscow wastewater treatment plants. The JSC Mosvodokanal in collaboration with Winogradsky Institute of Microbiology (The Federal Research Centre "Fundamentals of Biotechnology" of Russian Academy of Sciences) and within the framework of the agreement with Ministry of Education and Science of the Russian Federation has developed the first Russian anammox-based technology for ammonium removal from the filtrate of industrial anaerobic digesters and tested it in pilot-scale setup. The goal of the present work was the development, start-up, and optimisation of a pilot-scale single-stage setup for ammonium removal from the filtrate of digested sludge.
Methods
The schematic diagram of the pilot setup is shown in Fig. 1 . The filtrate from dewatering centrifuges was passed through the grid (1) for removal of coarse particles and was then collected in the receiving tank (2) . From this tank the filtrate was transferred to the 4-m 3 primary settler (3), then to the heat exchanger (4), and subsequently to the 20-m 3 main bioreactor (5). The setup was designed for carrying out the intended processes of water treatment within a broad range of operating temperatures (from 20 to 37°C). The required operating temperature was maintained by the heat exchanger with an electric heater and biologically treated water as a coolant. The bioreactor was a completely stirring-type reactor. The sludge from the secondary settler (8) was also recycled to the reactor. Removal of ammonium and organic matter occurred in the bioreactor. The intended biochemical processes were carried out by suspended flocculated sludge and by the sludge immobilized on a stationary lamellar carrier. The bioreactor contained three blocks of the stationary lamellar carrier, the aeration system providing oxygen for the process, and the large-bubble system of regeneration for removal of excess biomass from the carrier. Air was supplied by a compressor (11) . Oxygen concentration in the reactor was maintained at 0.1-0.7 mg/L and monitored using an oxygen sensor.
Hydraulic retention time (HRT) for filtrate was 12-36 h. From the bioreactor the sludge was transferred to a setup for intermediate aeration 2 m 3 in volume (6), then to 18-L sludge homogenizer (7), and to the secondary settler (4 m 3 ). Setups for intermediate aeration and homogenizer were required to prevent flotation of the activated sludge in the secondary settler under high nitrogen load. After settling, the treated filtrate was discharged, and return sludge was pumped back into the bioreactor. Some of the sludge (excessive) was removed from the setup. 
Results
The above-described pilot setup with a 20-m 3 bioreactor was intended for ammonium removal from the filtrate of dewatering centrifuges of digested sludge from the Lyuberetskie wastewater treatment plant (LWWP), Moscow, Russia. The reactor was inoculated by anammox sludge from the reactor, described earlier [10, 11, P. 9] . During first days of reactor operation filtrate supply was 3-4 m 3 /d, and then it was gradually increased. The planned filtrate supply rate of 20 m 3 /day was reached after 70 days of setup operation. Dynamics of nitrogen compounds in the treated filtrate from the pilot setup (Fig. 2) , showing a trend of decreasing ammonium and nitrate concentrations, reflects improvements of the technological process. Drastic fluctuations were caused by periodic changes in the operation mode due to adjustment of the systems for aeration, filtrate supply, temperature, etc. The concentrations of ammonium and nitrate were in opposite phases. The general picture indicated the start-up period of the setup.
The setup reached its full capacity, with nitrogen load of 0.9-1.1 kg N/(m 3 Áday) and specific volumetric nitrogen removal capacity of the reactor of 0.8-1.0 kg N/(m 3 Áday) after 12 months of operation. Nitrogen removal was the main target parameter. Nitrogen removal exceeding 70% was considered technologically sufficient (Table 1) . Fig. 2 Dynamics of nitrogen compounds in the treated filtrate of the pilot setup Implementation of the above-described technology resulted in a high efficiency of nitrogen removal and high reliability of the process. Thus, resistance of the activated sludge to elevated nitrite concentration (250 mg/L) was shown. In the single-stage setup, nitrites were formed in the course of the aerobic nitritation process, carried out by ammonium-oxidizing bacteria (AOB) [14, P. 9] . Nitritation is essential for efficient functioning of anammox reactors, since AOB provide anammox bacteria with nitrite, one of the major anammox substrates, which is absent in the digested sludge filtrate. While anammox bacteria have high affinity to both ammonium and nitrite, the anammox process is inhibited by nitrite concentrations over 100 mg/L (by nitrogen) [13, P. 9] . This threshold may be shifted to higher or lower concentrations [2, 3, 15, P. 8, 9] and depends on duration of the inhibitory action of nitrite [4, P. 8] . Recovery of anammox after nitrite removal from the medium indicates reversible inhibition [9, P. 9] . Calculations of the efficiency of nitrogen removal at different nitrite concentrations (Fig. 3) were carried out prior to the reactor reaching its designed capacity, i.e., when it did not reach its maximal output. Since at least 50% of the maximal activity was preserved (within the range from 50 to 90 mg N-NO 2 /L) at nitrite concentrations up to 175 mg/L, and *30% of the maximal activity-at 250 mg/L, the technology was highly stable in this respect. The presence of two extremes in Fig. 3 (at 50-90 and 225-260 mg N-NO 2 /L) indicates heterogeneity of the anammox bacteria population. It is likely represented by two groups of bacteria with different nitrite optima. The optimum nitrite concentration was within the range of 50-100 mg N-NO 2 /L for one of them and *250 mg/L for the other. Pyrosequencing of the 16S rRNA gene fragments revealed predominance of the genus Candidatus "Brocadia" in the activated sludge [10, P. 9] .
Inverse correlation was revealed between nitrite concentration and pH, i.e., the medium was acidified at elevated nitrite concentrations. The optimal pH for the setup operation was 7.5-8.3 at nitrite concentrations of 50-100 mg/L. The pH minimum was pH 5.7 at 250 mg/L nitrite, and the maximum was pH 8.3-8.5 at less than 50 mg/L nitrite.
The conductivity of the reactor medium, an important factor in technological monitoring, was also investigated. Good correlation was found between relative decrease in conductivity (%) and efficiency of total nitrogen removal (the correlation coefficient was 0.63) (Fig. 4) . This parameter may be used for online express analysis of the efficiency of the setup operation.
Conductivity was found to be associated with ammonium concentrations in the inflowing and treated filtrate (the correlation coefficient was 0.92) (Fig. 5) . Using 
Conclusions
Thus, the reported single-stage pilot setup carries out the target processes of ammonium removal from the filtrate of dewatering centrifuges of digested sludge. Flocculated free-floating sludge is involved in the oxidation of organic matter, sorption of suspended solids, and partial oxidation of ammonium to nitrite. In the inner layers of the biofilm immobilized on the carrier, autotrophic (anammox) and heterotrophic denitrification occurs. The setup carries out the target processes within the temperature range of 20-37°C, oxygen concentrations from 0.1 to 0.7 mg/L, and pH 5.7-8.5. At hydraulic retention time of 12-36 h and filtrate output of 14-30 m 3 /day, nitrogen load is as high as 0.9-1.1 kg N/(m 3 Áday), and specific volume capacity for nitrogen removal is 0.8-1.0 kg N/(m 3 Áday). The activated sludge was found to be stable at elevated nitrite concentration (250 mg/L) and decreased pH value (5.7). Using the conductivity of the medium for control of Fig. 5 Correlation of the treated filtrate and the concentrations of ammonium nitrogen and total mineral nitrogen at the outflow the efficiency of nitrogen removal and for calculation of ammonium concentrations in the incoming and outcoming filtrate was confirmed. The data obtained will be used for designing an industrial anammox bioreactor at the Lyuberetskie wastewater treatment plants, with a capacity of 18,000 m 3 /day and nitrogen removal rate of up to 11 t/day.
